Sulfated fucans, often denoted as fucoidans, are highly variable cell wall polysaccharides of brown algae, which possess a wide range of bioactive properties with potential pharmaceutical applications. Due to their complex architecture, the structures of algal fucans have until now only been partly determined. Enzymes capable of hydrolyzing sulfated fucans may allow specific release of defined bioactive oligosaccharides and may serve as a tool for structural elucidation of algal walls. Currently, such enzymes include only a few hydrolases belonging to the glycoside hydrolase family 107 (GH107), and little is known about their mechanistics and the substrates they degrade. In this study, we report the identification and recombinant production of three novel GH107 family proteins derived from a marine metagenome. Activity screening against a large substrate collection showed that all three enzymes degraded sulfated fucans from brown algae in the order Fucales. This is in accordance with a hydrolytic activity against a-1,4-fucosidic linkages in sulfated fucans as reported for previous GH107 members. Also, the activity screening gave new indications about the structural differences in brown algal cell walls. Finally, sequence analyses allowed identification of the proposed catalytic residues of the GH107 family. The findings presented here form a new basis for understanding the GH107 family of enzymes and investigating the complex sulfated fucans from brown algae.
Introduction
Fucose-containing sulfated polysaccharides (FCSPs)-popularly denoted 'fucoidans'-are found in cell walls of brown macroalgae and some marine animals, and cover a diverse group of polysaccharides ranging from low-sulfated uronic acid polymers with substantial amounts of xylose, galactose, and mannose, to highly sulfated fucans consisting primarily of L-fucose [1] [2] [3] . Sulfated fucans represent a subset of FCSPs built from an a-linked L-fucose backbone substituted with sulfate groups [2] . Sulfated fucans from marine echinoderms possess a regular linear structure composed of 1,3-and 1,4-linked mono-, tri-or tetrasaccharide repeating units in which the fucose residues differ only in the O-2 and O-4 sulfation patterns [4] [5] [6] . In contrast, the structures of algal fucans are much more heterogeneous and branched. They often vary in sulfation pattern and may be substituted with additional monosaccharide constituents and acetyl groups [7] .
Due to their complex architecture, the structures of algal fucans have until now only been partly determined. Previous reports indicate that fucans of the algal orders Laminariales and Ectocarpales generally consist of 1,3-linked fucose with sulfation at the O-2 and O-4 positions [8] [9] [10] , while fucans of the Fucales algae are built from alternating 1,3-and 1,4-linked fucose with sulfation mainly at position O-2 and O-3, and to a lesser extent at O-4 [7, [11] [12] [13] [14] . Exceptions do occur however, such as the Fucale alga Himanthalia elongata, in which the major structural motif is based on 1,3-linked fucose residues, similarly to what is found in Laminariales [15] . Thus, it is clear that the structural composition of brown algal fucans is yet to be fully elucidated.
The FCSPs and their derived oligosaccharides have been reported to possess a wide range of bioactive properties, for example, antibacterial, antiviral, antioxidative, antitumor, and anticoagulant activity, and may thus have application potentials in pharmaceutical and personal care products [3, 16, 17] . However, since the natural polymers are too large and heterogeneous to be used in therapeutic drugs, well-characterized low molecular weight oligosaccharides would be preferable. To produce these, enzymes capable of degrading FCSPs into defined oligosaccharides could be used as tools for carbohydrate structure elucidation and in the production of new biomedical oligosaccharide compounds [11, 16] .
Enzymatic activities targeting FCSPs have been reported in bacteria [18] [19] [20] [21] , in fungi [22, 23] , as well as in marine invertebrates [24, 25] . However, only two enzymes capable of degrading sulfated fucans from macroalgae have been characterized [26, 27] . Both enzymes derive from marine bacteria and are classified as members of the glycoside hydrolase family 107 (GH107) according to the Carbohydrate-Active enZyme (CAZy) database [28] . FcnA from Mariniflexile fucanivorans SW5 cleaves the a-1,4 glycosidic bonds between repeating units of L-fucose-2,3-disulfate-a-1, 3-L-fucose-2-sulfate in fucan extracted from Pelvetia canaliculata [21, 26] . FFA2 from Formosa algae KMM 3553
T cleaves the a-1,4 glycosidic bonds between repeating units of L-fucose-2-sulfate-a-1,3-Lfucose-2-sulfate in fucan extracted from Fucus evanescens [27] . Apart from these two enzymes, the GH107 family only contains few additional, uncharacterized members, namely SVI_0379 from Shewanella violacea DSS12 [29] , Fda1 and Fda2 from Alteromonas sp. SN-1009 [30] , and most recently four uncharacterized proteins AXE80_07305, AXE80_ 07310, AXE80_07420, and AXE80_07425 from Wenyingzhuangia fucanilytica CZ1127 [31] . Thus, very little is known about the enzymes that degrade this abundant marine polymer of biomedical interest. This paradox may be related to the difficulties in isolating fucanase-producing bacteria, since the few isolates described so far have been obtained after extensive enrichment cultivation [21, [31] [32] [33] .
Metagenomics allow the identification and study of functional genes without the need for isolation and cultivation of single bacterial strains, and especially, screening of metagenomic libraries have resulted in the discovery of several new carbohydrate-related enzyme activities [34] [35] [36] [37] . However, this approach is currently not applicable to fucanases due to the lack of an appropriate high-throughput screening method and of defined substrates. On the other hand, sequence-based enzyme discovery by mining metagenome data has also proved effective, resulting in the finding of novel functionalities, even for enzyme families with many known representatives [38, 39] . Due to the limited knowledge of the GH107 fucanases, and their application potential in the degradation of a very abundant marine polysaccharide, we initiated an effort to add more candidates to this family of enzymes.
Here, we report the identification and first characterization of three new GH107 fucanases discovered from metagenome sequence data obtained from an enrichment culture established on brown algae. These new GH107 members are encoded in a gene cluster likely to be responsible for degradation of sulfated fucan. Sequence analysis allowed closer pinpointing of the catalytic residues involved in hydrolysis by members of the GH107 family. The three novel GH107 enzymes were produced as insoluble inclusion bodies in Escherichia coli and after unfolding and resolubilization, fucanase activity was screened against a panel of substrates derived from brown algae. This screening setup confirmed the fucanase activity of the novel GH107s, and further indicated a more complex structural architecture of sulfated fucans, than previously envisaged. The results presented here add new insights to a CAZy family with only few characterized members.
Results and Discussion
Identification of fucan-degrading enzymes in an enriched metagenome During a survey of bacteria associated with brown macroalgae, a combination of enrichment culturing and metagenome sequencing was used to identify enzymes involved in the degradation of sulfated fucans. Cultivation medium supplemented with a brown algae granulate was inoculated with Fucus spp. collected from the shore to enrich for algae-associated bacteria capable of degrading brown algal cell wall polysaccharides. Following long-term incubation, total DNA was extracted from the enrichment culture and subjected to whole metagenome sequencing. The assembled metagenome was used to create a profile of CAZymes encoded by the enriched microbial community.
A contig of 387 561 bp (contig 58) encompassed 23 putative CAZymes, including 7 GH29 fucosidases, 3 GH95 fucosidases, and 3 GH107 endo-fucanases, in addition to 13 formyl glycine-dependent sulfatases (Table S1 ). This strongly suggested an involvement of this genomic region in degradation of sulfated fucans.
A plot of the metagenomic sequences based on GC % content and sequence coverage, placed contig 58 together with other contigs rich in CAZymes involved in brown algae degradation (Fig. 1) . A total of 47 contigs with a combined sequence length of 5.27 Mb were located within a range of 40-5% GC content and 20-25-fold sequence coverage. A taxonomic assignment based on marker genes suggested that these contigs may represent a candidate genome within the class Gammaproteobacteria (Fig. 1, Table S1 -S3). In addition, among the contigs was a partial 16S rRNA gene sequence (1243 bp) with 92-95% identity to the type strains of the genus Paraglaciecola and an analysis of several housekeeping genes, including DNA gyrase B (gyrB) located on contig 58, confirmed Paraglaciecola spp. as the closest relatives, suggesting that the candidate genome represents a new species affiliated with this or a related genus. Attempts to isolate the candidate fucanolytic Paraglaciecola sp. from the enrichment culture were unsuccessful.
The CAZymes responsible for brown algal degradation were also identified on contigs representing other bacterial phyla and in particular those affiliated with Bacteroidetes, Alphaproteobacteria, and Verrucomicrobia (Fig. 1) . The majority of GH107 members identified so far derive from bacteria affiliated with the Bacteroidetes phylum (http://www.cazy.org/). However, contig 58 likely originating from a Gammaproteobacterium, was chosen for further investigation specifically for its promising enzymatic potential in the degradation of sulfated fucans.
Sequence analysis of three novel endo-fucanases provides new insight into the GH107 family Enzyme systems responsible for saccharification of complex polysaccharides are often encoded by genes colocalized in bacterial genomes. In members of Bacteroidetes, these assemblages are known as Polysaccharide Utilization Loci (PULs) [40] , and are recognized by the existence of tandem SusC/SusD transporter systems. Similar gene constellations absent of canonical SusC/SusD pairs have been reported in other phyla as well, including Gammaproteobacteria [41, 42] , and have recently lead to an update of the PUL term [40, 42] . Closer inspection of contig 58 showed that the identified GH107 fucanase genes (fp273, fp277, and fp279) displayed such an organization (Fig. 2) . Colocated with the three fucanase genes were also genes encoding two sulfatases (fp280 and fp281), a GH29 a-fucosidase (fp284), and two TonB-dependent transporters (fp274 and fp275), likely to be involved in carbohydrate catabolism [41] . The hypothetical protein encoded by fp276 carried a polycystic kidney disease (PKD) domain. These domains have previously found to be associated with glycan-and protein-degrading enzymes, where they bind to, and enhance the degradation of, the given substrate [43, 44] . PKD-containing proteins are frequent in marine bacteria, for example, in Gramella forsetii, and are believed to function as anchor proteins connecting carbohydrate substrate and GHs at the cell surface [45, 46] . Fp276 may have a similar function in the degradation of sulfated fucans by GH107 fucanases.
The GH107 genes encoded three modular proteins: Fp273 (MH755451), Fp277 (MH755452), and Fp279 Fig. 2 . Genomic environment around GH107 fucanases located on metagenome contig 58. The GH107 enzymes (red) are part of a putative PUL involved in degradation of sulfated fucans, and comprises genes encoding sugar transporters (blue), sulfatases (green), a GH29 a-L-fucosidase (yellow), and several proteins with unknown function (gray). TBDR, TonB-dependent receptor; PKD, Polycystic kidney disease domain. Fig. 3 . Modular structures of the GH107 enzymes investigated in this work. The novel enzymes Fp273, Fp277, and Fp279 derived from the current study and FcnA from M. fucanivorans [26] were analyzed. The domain boundaries were deduced using hydrophobic cluster analyses [63] and are indicated by amino acid positions. All enzymes carried an N-terminal secretion signal as indicated by a black line. The red module, the putative catalytic domain, was predicted to fold as a b-propeller and contains a strictly conserved stretch of residues that potentially contains the catalytic machinery. Different Ig-like domains are colored in light brown, light green and yellow, and are most similar when having the same color. The purple domain aligns well between the different sequences, whereas the 146 residue-containing orange domain is unique to Fp273. PorSS: Secretion signal (dark blue), doc: Dockerin type I domain (light blue).
(MH755453), with theoretical masses of 105, 86, and 89 kDa, respectively. Fp273, Fp277, and Fp279 shared 34-40% sequence identity with the characterized FcnA fucanase from M. fucanivorans [26] . In similarity with FcnA, the three novel GH107 enzymes carried a potential N-terminal secretion signal, suggesting an extracellular or periplasmic localization (Fig. 3) . Moreover, Fp273, Fp277, and Fp279 carried a single immunoglobulin (Ig)-like domain, similar to the first of the three Ig-like domains found in FcnA [26] . Fp273 also contained a 170-residue module of unknown function at the N terminus, which was not present in any of the other sequences.
Importantly, analysis of the modular structures revealed a common N-terminal domain shared between the novel GH107s and FcnA. This module was previously proposed to harbor the GH107 catalytic domain [26] . The significant increase in the number of described GH107 family sequences now provided basis for closer pinpointing of the catalytic region by combining a multiple alignment with hydrophobic cluster analysis (HCA) plots [47] . This revealed that the common N-terminal module adapted a b-propeller fold and carried a strictly conserved motif 'RYxxxxDxWxFD' likely to represent the catalytic site (Fig. 3, Fig. 4A ). Consistent with the most common catalytic machinery of GHs, it could be hypothesized that the two strictly conserved aspartate residues of this motif correspond to the two catalytic residues, that are involved in the hydrolytic cleavage of the a-1,4 bond of fucans [48] , although more extensive biochemical studies will be required for verification. Other structural modules such as the Ig-like domains are also likely to play a role in substrate recognition and enzyme activity [26] .
The C-terminal region of all four fucanase sequences encompassed a common domain of unknown function. A special feature shared by the three novel fucanases was the presence of a dockerin type I domain in the extreme C-terminal end. In contrast, FcnA carried a PorSS secretion signal in this region. Dockerins play a role in cellulosomes (mainly found in terrestrial environments), where they anchor the hydrolytic enzymes to a multienzyme complex through the interaction with cohesins [49] . Only a single cohesin domain was identified in the metagenome and this was located on a contig with significantly different GC content and sequence coverage compared to contig 58 (58% GC content and 11-fold sequence coverage, data not shown). It has previously been reported that such 'lone' dockerin and cohesin modules without cellulosomal association can be found in the marine environment, and it has been speculated that these modules are somehow involved in cell attachment, although the exact function remains unclear [50] .
A phylogenetic tree constructed from the multiple alignment (Fig. 4A ) revealed at least three separate GH107 clades (Fig. 4B) . Fp277, Fp279, and the characterized FcnA from M. fucanivorans [26] were found in the largest clade (Clade A), whereas Fp273 and two sequences from W. fucanilytica and Formosa haliotis belonged to Clade B. Clade C contained Fda1 and Fda2 from Alteromonas sp. SN-1009 and SVI_0379 from Shewanella violacea.
Altogether, protein sequence analyses revealed distinct diversity in modular architecture and sequence identity for different members of the GH107 family. This could reflect potential functional differences, such as diverging substrate specificities. Therefore, the new GH107 candidates were subjected to functional analyses.
Novel GH107s exclusively degrade sulfated fucans derived from algal species of the Fucales
The genes encoding Fp273, Fp277, and Fp279, but without the terminal signal peptides and dockerin domains, were cloned into E. coli cells in order to produce recombinant enzymes. All three enzymes were produced as insoluble products. The proteins were denatured and refolded in high yield from inclusion bodies using a freeze-thawing method in the presence of 2 M urea [51] . The refolded proteins were purified by Ni 2+ affinity chromatography and SDS/PAGE analysis showed that the sizes observed for the major bands were in accordance with the expected molecular weights of Fp273, Fp277, and Fp279 (Fig. 5) .
In addition, we improved the previously characterized GH107 fucanase (FcnA) from M. fucanivorans SW5 T [26] . A shorter version of the FcnA gene, but still including the whole catalytic domain, was transferred to a new cloning vector, and this resulted in increased production of soluble protein (Fig. 5 ). This new construct was designated MF4. Attempts to obtain soluble forms of Fp273, Fp277, and Fp279 by adapting the same gene boundaries for primer design were unsuccessful.
The activity of the refolded GH107 enzymes and MF4 was monitored by analyzing the digestion products of fucan fractions on size exclusion chromatography (SEC) and carbohydrate polyacrylamide gel electrophoresis (C-PAGE). We previously demonstrated that FcnA cleaves a-1,4 glycosidic linkages of the sulfated fucan termed 'FS28', prepared from P. canaliculata [26] . Therefore, the FS28 substrate was chosen as a reference to verify the function of Fp273, Fp277, and Fp279 in comparison to the MF4 construct. While the SEC profiles indicated some hydrolytic activity of the four enzymes on P. canaliculata extract, only MF4 displayed noticeable activity on FS28-the previously characterized version of this substrate (Fig. 6) . In contrast, the C-PAGE technique was more sensitive and better able to resolve the released anionic oligosaccharides, and showed degradation of FS28 and P. canaliculata by all the fucanases (Fig. 7) . Importantly, no degradation was observed by E. coli lysates expressing an empty vector construct (data not shown). Together with the sequence analyses, this confirmed that Fp273, Fp277, and Fp279 represent new fucanase members of the GH107 family. The C-PAGE method was used to assay enzymatic activities on a larger fucan collection originating from a variety of brown algal species in the orders Laminariales and Fucales. A commercial extract from Fucus vesiculosus was also included as a substrate (Fig. 7) .
The oligosaccharides released from sulfated fucans by the newly discovered fucanases were obtained in such a low amount that this was not compatible with structural analysis. The explanation could be that only a portion of the resolubilized enzymes were active. Still, the C-PAGE analyses allowed several important observations. All four enzymes were able to degrade sulfated fucans from species of the Fucales order, while they had no apparent hydrolytic activity on any of the six Laminariales species assayed in this study. This indicated a hydrolytic activity against a-1,4-linked fucan, since fucans extracted from Laminariales are known to be composed of an a-1,3-linked fucose backbone [2, 52] . This is also in agreement with the activities previously observed for the characterized GH107 counterparts, FcnA from M. fucanivorans and FFA2 from F. algae, which were both found to cleave a-1,4-linked fucans [26, 27] . Based on the distinct C-PAGE profiles obtained for Fucus serratus, F. vesiculosus, and Fucus spiralis when hydrolyzed with the same fucanase, sulfated fucans seem to be highly structurally diverse, even between closely related algal species. Surprisingly, all fucanases were able to release oligofucans from the H. elongata extract, a Fucale known to contain a-1,3-fucan as the major motif [15] . These degradation products may be attributed to a minute amount of a-1,4-linked fucose residues present as coextracted 1,4/1,3-fucans in side chains or within the core fucan backbone-patterns which become evident after specific enzymatic cleavage and following visualization by the sensitive C-PAGE analytical tool. As such, this demonstrates that enzymes can be used in detection of wall components which may only be present in small amounts, and may be used alongside other recently developed tools including monoclonal antibodies and glycoarray technologies, which have lately proved successful in obtaining new knowledge on algal cell wall composition [2, [53] [54] [55] . Additionally, degradation of the various algal fucans appeared to be dependent on the fucanase used. These observations give new indications that members of the GH107 family display individual substrate preference for certain algal fucan structures. This may be due to a difference in sulfation, which has previously been found to influence fucanase activity [26, 27] . Yet, additional work is required for confirmation.
Based on the phylogenetic analyses, the current GH107 enzymes belong to at least three distinct clades (Fig. 4B) . Although representatives from clade A (FcnA, FFA2, Fp277, Fp279) and B (Fp273) seem to target a-1,4-fucan, members of clade C still need proper characterization. From clade C, Fda1 and Fda2 have only been presented in a patent with no detailed information about the cleavage pattern [30] . However, the patent mentions fucan from the alga Kjellmaniella crassifolia as the substrate, which belong to the Laminariales and thus points toward an activity on a-1,3-fucans. Consequently, it remains to be established whether the current members of the GH107 family are sole a-1,4 active or include some a-1,3 degrading fucanases as well. Importantly, enzymes cleaving a-1,3-fucan are yet to be discovered.
Advancing knowledge on enzymes involved in degradation of brown algal FCSPs
Bacterial isolates known to degrade sulfated fucans are scarce and only few members of the GH107 family are known to date. Here, we have used a metagenomics approach to discover three novel GH107 fucanases capable of degrading sulfated fucans present in brown algal cell walls.
This discovery has added new insights to a CAZy family with only few hitherto known members and for which no structural and mechanistic information is available.
Despite increased activities in next-generation sequencing of the marine environment [56, 57] , public databases contain relatively few GH107 candidates. This small number is in contrast to CAZymes targeting other algal polysaccharides (e.g., carrageenases and alginate lyases), which are often highly abundant in the public databases [42, 58] . One possibility could be that bacteria carrying GH107s are specific to certain ecological niches, which have not been frequently investigated. In support of this, the GH107s known to date derive from bacteria closely associated with brown macroalgae (e.g., surface of F. evanescens, abalone gut and alginate-extraction facility) and were isolated following enrichment steps similar to the one of the current study [21, [31] [32] [33] .
A limited number of substrates have been used to assay hydrolytic activity of so far characterized GH107s [26, 27] . In this study, a large collection of sulfated fucans was prepared by adapting a previously established extraction procedure for brown algae [53] . The fucanases of the current study were screened on the entire substrate collection, and this confirmed their activity against fucans obtained from several algae ascribed to the order Fucales. In addition, results from the screening study indicated that sulfated fucans within this algal taxon seem to differ more than previously envisaged. This demonstrated the applicability of such screening setup in the initial characterization of CAZymes and as an enzymatic fingerprinting tool for algal cell wall carbohydrates. Considering the high complexity of brown algal cell walls, FCSP degradation orchestrated by marine bacteria probably include a wide panel of enzymes. Aside from the GH107 enzymes presented here, the metagenome dataset obtained in the current study most likely contains functional information on a range of other brown algae-degrading bacteria and, in particular contig 58, may represent a valuable source of completely new and undiscovered enzyme activities involved in catabolism of FCSPs, including sulfated fucans.
Materials and methods
Cultivation of bacteria and isolation of total DNA Brown algae (F. vesiculosus and F. serratus) were collected from the shore of northwest Zealand, Denmark (GPS coordinates: 55.8309 N, 11.3957 E) and used to inoculate a modified R2B medium without starch and glucose (per liter: 0.5 g yeast extract, 0.5 g Bacto peptone, 0.5 g casamino acids, 10 g NaCl, 0.3 g sodium pyruvate, 0.3 g KH 2 PO 4 , 0.05 g MgSO 4 Á7 H 2 O). After autoclaving, the medium was buffered to pH 7.6 using phosphate buffer at 0.1 M final concentration and 1 mLÁL À1 each of a micronutrients and vitamin solution was added [59] . The culture was further supplemented with 1% w/v Fucopharm Ò (SetAlg, Pleubian, France), a granulate of F. vesiculosus. Prior to addition, the Fucopharm Ò granulate was washed in hot 80% ethanol to extract and remove small sugars and other metabolites. The culture was incubated at 15°C for 3 months before transferring to fresh medium. This medium contained 2% sea salts (Sigma-Aldrich, Copenhagen, Denmark), 0.5% casamino acids, and 5 mM ammonium sulfate together with 0.2% of extracted Fucopharm Ò substrate. Micronutrients and vitamin solution was added as stated earlier and the medium was buffered to pH 7.6 with HEPES buffer at a 20 mM final concentration. After 1 month of incubation at 15°C, total DNA was extracted from the culture using the Puregene Yeast/Bact. Genomic Kit (Qiagen Nordic, Copenhagen, Denmark) following the protocol for gram-positive bacteria, which extracts DNA from both gram-positive and gram-negative bacteria.
Metagenome sequencing and sequence analysis
The extracted metagenomic DNA was sequenced using paired-end sequencing of a short-insert library on an Illumina HiSeq platform. Approximately 6 Gbp of raw sequence data was quality trimmed and assembled using CLC Genomics Workbench version 8. [62] and additional protein domains were predicted using HCA plots [63] . Protein homologs were identified using BLASTp searches against the GenBank nr and PDB databases, or additionally for sulfatases, the BLAST function integrated in the SulfAtlas database [64] . Taxonomy was assigned to metagenome contigs using MetaPhyler [65] . Multiple alignments were constructed with MultAlin [63] and visualized with ESPript (http://espript. ibcp.fr) [66] . Phylogenetic trees were built with MEGA6 [67] .
Cloning of GH107 genes into E. coli
The open reading frames of the three GH107, trimmed to the entire protein minus both the N-terminal signal peptide and the C-terminal dockerin domains, were amplified by PCR from the total DNA used for metagenome sequencing. In parallel, a new construction of the previously published GH107 fucanase (FcnA2) [26] was performed in order to improve the heterologous protein production. This was done by shortening the FcnA2 C-terminal sequence and changing to a different expression vector namely pFO4, a Novagen pET15b derivative [68] . The corresponding primers for the four genes are listed in Table S4 . These primers were designed to incorporate the following restriction sites into the 5 0 -and 3 0 -ends, respectively: SalI and PstI (Fp273, Fp277), SalI and NsiI (Fp279), and BglII and MfeI (MF4). PCR conditions consisted of an initial denaturation of 2 min at 95°C, followed by 30 cycles of 15 s at 95°C, 15 s at 60°C, and 6 min at 72°C, and a final extension step of 10 min at 72°C. The resulting PCR products were purified, digested with the appropriate restriction enzymes, and subcloned into the pFO4 expression vector. The plasmids were transformed into E. coli BL21(DE3) strains for protein expression.
Production and isolation of recombinant proteins
Transformed E. coli BL21(DE3) strains were grown at 37°C overnight in Lysogeny Broth (LB) medium containing ampicillin (100 lgÁmL À1 ). The cultures were diluted 1 : 100 with autoinducible ZYP5052 medium [69] containing ampicillin and subjected to further incubation at 20°C until the culture densities reached saturation. After centrifugation at 14 000 g for 60 min at 4°C, pelleted bacteria were stored at À20°C. MF4 was expressed as a soluble protein while Fp273, Fp277, and Fp279 were expressed as insoluble proteins in the form of inclusion bodies. The subsequent steps for protein isolation were therefore different. The MF4-expressing cell pellets were resuspended in a 50 mM Tris-HCl pH 8 buffer containing 100 mM NaCl, 15 mM imidazole, 1 mgÁmL À1 lysozyme, and 0.1 mgÁmL
À1
DNAse while Fp273-, Fp277-, and Fp279-expressing cell pellets were resuspended in a wash buffer containing 20 mM Tris-HCl pH 8, 300 mM NaCl, 1 mM EDTA, 1 M urea, 1% Triton X-100, lysozyme (1 mgÁmL
), and DNAse (0.1 mgÁmL À1 ). All cell pellets were disrupted twice in a 'One shot' cell disruptor (CellD) before centrifugation at 14 000 g for 15 min at 4°C. The recombinant fucanase MF4 was purified following a protocol previously described [26] . The other three GH107 enzymes were purified following a protocol described elsewhere [51] . Briefly, the cell pellets were resuspended in the wash buffer and spun down at 14 000 g for 10 min and at room temperature. This was repeated for a total of three times. Detergents and lysozyme were removed after three final washes in 20 mM Tris-HCl pH 8 buffer. Washed pellets were resuspended in a solubilization buffer containing 20 mM Tris-HCl pH 8, 300 mM NaCl, and 2 M urea and stored at À20°C overnight. The solubilized proteins were recovered from the supernatants after thawing samples on ice and centrifuged at 14 000 g for 15 min at 4°C. They were subsequently applied onto a HisTrap FF column (GE Healthcare, Uppsala, Sweden) charged with 100 mM NiSO 4 . After a washing step at 50 mM imidazole, the bound proteins were eluted with a linear gradient of imidazole ranging from 50-700 mM. Fp273, Fp277, and Fp279 were eluted at 330, 100, and 300 mM, respectively. Final protein concentrations were determined with a NanoDrop spectrophotometer (Thermo Scientific, Illkirch, France). Protein expression was further assessed by SDS/PAGE.
Production of cell wall fractions enriched in sulfated fucans
Sulfated fucan from P. canaliculata and named FS28 was obtained as described previously [26] . Commercial fucan from F. vesiculosus was purchased from Sigma. Additional cell wall preparations were made from brown algae collected on the shore at Roscoff (France, GPS coordinates: 48.72, À3.98), except Chorda filum which was collected from the Shetland Islands (UK, GPS coordinates: 60.42, À1.09). The samples included six species belonging to the Fucales order (P. canaliculata, F. vesiculosus, F. spiralis, F. serratus, Ascophyllum nodosum, H. elongata) and six species belonging to the Laminariales order (Saccharina latissima, Laminaria hyperborea, Laminaria ochroleuca, Laminaria digitata, Undaria pinnatifida, C. filum). No permissions were required for these locations/activities. The collection of brown algae samples did not involve endangered or protected species. Algae were cleaned of epiphytes, washed in tap water, and oven-dried. Alcohol-insoluble residues were obtained by following the procedure of Salme an et al. [53] . Briefly, algae were blended finely and exhaustively washed sequentially in 70, 80, 90, 100% ethanol, acetone, and chloroform:methanol (3 : 2, v/v). To produce fractions enriched in sulfated fucans, the alcohol insoluble residues were airdried overnight and extracted with 2% (w/v) CaCl 2 at 37°C for 150 min. Supernatants were filtered through 10-kDa spin filters (Amicon) to remove low molecular weight sugars, concentrated, dialyzed against deionized water, and freeze-dried. All fucan extracts, including FS28 and the commercial fucan from Sigma, were resuspended at a final concentration of 0.5% in deionized water, except A. nodosum (0.25%) and L. ochroleuca (0.25%).
Assays for fucanase activity
Enzymatic fucan-degrading reactions were performed using 225 lL of freshly resolubilized enzymes at 1 mgÁmL À1 (final concentration of 0.15 mgÁmL
À1
) on 1275 lL of the fucan extracts prepared above. Control tests were performed by replacing the enzyme with the corresponding buffer. The samples were incubated overnight at 25°C with agitation and analyzed by both SEC and C-PAGE. For SEC analysis, aliquots (100 lL) of the digestion products were filtered on 0.45-lm filters and loaded on a Superdex 200 column using 0.1 M LiNO 3 at 0.5 mLÁmin À1 . The column was connected to a Dionex UltiMate 3000 HPLC System equipped with refractometric detection. The C-PAGE assay allows the analyses of the release of anionic oligosaccharides [70] . Briefly, the digestion products were loaded on a 6% (m/v) stacking and a 27% running 1-mm-thick polyacrylamide gel in 50 mM Tri-HCl, 2 mM EDTA buffer, pH 8.7. The gels were stained with Alcian Blue followed by silver nitrate [71]. 
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